Rationale Impulsive behavior is categorically differentiated between impulsive action, the inability to withhold from acting out a response, and impulsive choice, the greater preference for an immediate and smaller reward over a delayed but more advantageous reward. While the effects of N-methyl-D-aspartic acid (NMDA) receptor antagonists on impulsive action have been extensively characterized, there are very few and conflicting reports on the effects of this class of drugs on impulsive choice. Objectives Using a modified adjusting delay task, we investigated the effects of uncompetitive and competitive blockade of NMDA receptors on impulsive choice. Methods Male Wistar rats were trained in a modified adjusting delay task, which involved repeated choice between a low reinforcing solution delivered immediately and a highly reinforcing solution delivered after a variable delay. Rats were then administered either the NMDA receptor uncompetitive antagonists ketamine or memantine, or the competitive antagonists D-AP-5 or CGS 19755. Results Ketamine treatment dose-dependently increased impulsive choice, and this effect was selective for low-impulsive but not high-impulsive rats. Similarly, memantine treatment dose-dependently increased impulsive choice with a preferential effect for low-impulsive rats. While D-AP-5 treatment did not affect impulsive choice, CGS 19755 increased impulsivity, however, at the same doses at which it caused a marked response inhibition. Conclusions NMDA receptor uncompetitive, but not competitive, antagonists significantly increased impulsive choice, preferentially in low-impulsive rats. These findings demonstrate that the effects of NMDA receptor blockade on impulsive choice are not generalizable and depend on the specific mechanism of action of the antagonist used.
Introduction
Impulsivity is a personality construct defined as the tendency for rapid, unplanned reactions to stimuli with diminished regard to the negative consequences of these reactions (Chamberlain and Sahakian 2007; Potenza 2007) . Impairment of impulsive behavior is thought to play a role in the psychopathology of many psychiatric disorders such as schizophrenia, major depression, addictive disorders, posttraumatic stress disorder, and attention deficit hyperactivity disorder (Heresco-Levy and Javitt 1998; Moeller et al. 2001) .
As a multifaceted personality trait, impulsivity is comprised of a number of dimensions typically classified into two main categories: impulsive action and impulsive choice (Evenden 1999) . Impulsive action can be defined as the inability to withhold from acting out a response, while impulsive choice is marked by a greater preference for an immediate and smaller reward over a delayed but more advantageous reward (Mar and Robbins 2007; Winstanley et al. 2006) .
The N-methyl-D-aspartic acid (NMDA) receptor system is involved in numerous physiological and pathological processes in the central nervous system (synaptic plasticity, learning and memory, attention, excitotoxicity, and neurodegeneration) (Heresco-Levy and Javitt 1998); it has received increased attention regarding its potential role in the control of impulsive behavior. Blockade of NMDA receptors has been shown to precipitate impulsivity in humans and animals Floresco et al. 2008; Higgins et al. 2003; Malhotra et al. 1997) , raising the hypothesis that a decreased glutamate/NMDA function may contribute to diminished inhibition of behavior in psychiatric disorders (Adams et al. 2004; Amitai and Markou 2010; Pattij and Vanderschuren 2008; Turic et al. 2004) . NMDA receptors are heteromeric ligand-gated ion channels which show a complex pharmacological profile and require the simultaneous binding of glutamate and glycine for activation (Johnson and Kotermanski 2006) . Given the pharmacological complexity of this ion channel receptor, numerous classes of antagonists have been described and differentiated based on their inhibitory mechanism of action: a first class of competitive antagonists which bind to the glutamate binding site; a second class of competitive antagonists which bind to the glycine binding site; uncompetitive antagonists which require that the receptor pore be open to allow binding to internal sites, different from those of the agonists; non-competitive antagonists which bind to sites different from those of the agonists to all the receptor states; finally, negative allosteric modulators which bind to other modulatory sites of the receptor (Monaghan et al. 2012; Ogden and Traynelis 2011; Traynelis et al. 2010) .
The effects of NMDA receptor blockade on impulsive action have been extensively characterized (Carli et al. 2006; Fletcher et al. 2011; Murphy et al. 2005; Pozzi et al. 2011) . However, to the best of our knowledge, very few studies have investigated the effects of antagonism of NMDA receptors on impulsive choice (Floresco et al. 2008; Oberlin et al. 2010) . Indeed, only the uncompetitive class of NMDA receptor antagonists has been tested in impulsive choice, and the reported findings have been conflicting (Floresco et al. 2008; Oberlin et al. 2010) . In addition, the effects of competitive NMDA receptor antagonists on intolerance to delay of reinforcement have not yet been investigated.
Therefore, the first aim of this study was to investigate the effects of two uncompetitive NMDA receptor antagonists, ketamine and memantine, on impulsive choice by using a modified adjusting delay task. The second aim was to investigate the effects of two competitive antagonists, D-AP-5 and CGS 19755, on the same behavioral task.
Materials and methods

Subjects
Male Wistar rats, weighing 180-230 g and 41-47 days old at arrival (Charles River, Wilmington, MA), were doublehoused in wire-topped, plastic cages (27×48×20 cm) on a 12-h reverse light cycle (lights off at 10:00 am) in an AAALAC-approved humidity-controlled (60 %) and temperature-controlled (22°C) vivarium. Rats had access to corn-based chow carbohydrate, 13 % fat, 21 % protein, metabolizable energy 341 cal/100 g; Harlan, Indianapolis, IN) and water ad libitum at all times unless otherwise specified. Procedures adhered to the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (NIH publication number 85-23, revised 1996) , the Principles of Laboratory Animal Care, and were approved by Boston University Medical Campus Institutional Animal Care and Use Committee.
Drugs
Ketamine hydrochloride ((±)-2-(2-chlorophenyl)-2-(methylamino)cyclohexanone hydrochloride) was purchased from Sigma-Aldrich (St. Louis, MO); memantine hydrochloride (1,3-dimethyl-5-aminoadamantane hydrochloride) was purchased from Acros Organics (Geel, Belgium); D-AP-5 ((R)-(−)-2-amino-5-phosphonopentanoic acid) and CGS 19755 (cis-4-phosphonomethyl-2-piperidine carboxylic acid) were obtained from the NIMH's Chemical Synthesis and Drug Supply Program. All drugs were freshly dissolved in isotonic saline and administered systemically using a volume of 1 mL/kg, except CGS 19755 which was administered using a volume of 2 mL/kg. D-AP5 for intracerebroventricular administration was dissolved in sterile isotonic saline and administered in a volume of 5 μL/rat. All doses were calculated as weight of salt. Ketamine and memantine block the NMDA receptor in an uncompetitive manner (K i 0~0.5 μM K i 0~1 μM, respectively) (Ebert et al. 1997; Parsons et al. 1999; Traynelis et al. 2010 ). D-AP-5 and CGS 19755 block the NMDA receptor in a competitive manner (K i 0~1.93 μM and K i 0~0.34 μM, respectively) (Benveniste and Mayer 1991; Traynelis et al. 2010) . Angiotensin II was generously provided by Dr. Jean Rivier (The Salk Institute, La Jolla, CA, USA).
Apparatus
The test chambers (Med Associates, Inc., St. Albans, VT) had grid floors and were located in sound-attenuating, ventilated environmental cubicles (Cottone et al. , 2007b . Two syringe pumps dispensed the solutions into two stainless steel drinking cups mounted 2 cm above the grid floor in the middle of an aluminum panel (Sabino et al. 2006) . Two retractable levers were located 3.2 cm to either side of the drinking cups, and two 28-V stimulus cue lights were located above each lever. Liquid delivery and operant responses were recorded automatically by a microcomputer with a 10-ms resolution.
Modified adjusting delay task procedure The modified adjusting delay task procedure was performed as previously described . The procedure was adopted from Dr. Perry and colleagues (Perry et al. 2011 (Perry et al. , 2005 and modified to eliminate typical energyhomeostasis limitations induced by food restriction or by the use of reinforcers with dissimilar caloric content. In the present modified adjusting delay task, subjects were fed and watered ad libitum, and the reinforcers were isocaloric as we described previously . Subjects were allowed two overnight fixed ratio 1 sessions , with each of the two levers yielding 0.1 mL of 1.5 % glucose solution. The rats were then moved to the next training phase. Beginning 3-4 h into the dark cycle, the rats were transferred to the testing room daily and individually placed in the test chambers. The procedure consisted of a 30-min pre-session and a 15-block session, the latter ending either after 2 h or after completion of the 15 blocks (whichever occurred first). Therefore, the procedure lasted no longer than 2.5 h. During the 30-min pre-session, levers were in the retracted position, and the stimulus lights were off. This pre-session allowed subjects to acclimate to the chambers, as well as to signal the imminent availability of the reinforcers. During the training phase, each of the 15 blocks consisted of four forced-choice trials. Forced-choice trials were signaled by the extension of the responseappropriate lever and the illumination of the stimulus light above it. In forced-choice trials, levers retracted immediately following a lever press response. A single response on one lever yielded 0.1 mL of the glucose solution delivered immediately while a response on the other lever yielded 0.1 mL of the supersaccharin (1.5 % glucose + 0.4 % saccharin) solution delivered after a constant delay of 6 s. Supersaccharin solution serves as a potent reinforcer and makes it unnecessary to water restrict animals to induce a very high liquid intake Roberto et al. 2010; Sabino et al. 2009; Valenstein et al. 1967) . Levers retracted at the end of each four-trial block. Each rat was then moved to the modified adjusting delay task as soon as it learned to complete at least ten out of the 15 trials. In the modified adjusting delay task, the first and second trials of each block were forced-choice while the third and fourth were free-choice trials. In the free-choice trials, rats were given the opportunity to choose between the two levers. The free-choice trials were signaled by illumination of the stimulus lights above both levers. The initial delay to the delivery of the more preferred reinforcer was 6 s and was adjusted only after the third and fourth trials in each block, depending on which lever was chosen by the subject. A response on the immediately reinforcing lever resulted in a 1-s decrease in the delay of the supersaccharin solution's delivery while a response on the delayed reinforcement lever resulted in a 1-s increase in the delay of the supersaccharin solution's delivery. The lower and upper limits of the delay were set to 0 and 36 s, respectively. Following each lever press, an inter-trial interval (ITI) was imposed so that each trial would last 36 s (i.e., Delay + ITI 036 s). During the ITI, the stimulus lights were turned off, and responses on the levers had no programmed consequences. During the delay, the stimulus lights above each lever were turned off. The delivery of the glucose solution was kept constant. A mean adjusted delay (MAD) was calculated at the end of each session by averaging all of the adjusting delays on the free-choice trials, and this procedure was repeated until the MAD stabilized (varying by less than 3 s across 5 days with no consistent increasing or decreasing trends). The MAD ranged between 0.5 s (in the event that the immediately reinforcing lever was always chosen during the 30 free-choice trials) and 21.5 s (in the event that the adjusting delay lever was always chosen). The MAD values were used as a quantitative measure of impulsive choice, with lower MADs indicating higher levels of impulsive choice. The MADs were transformed into impulsivity scores (ISs) using the following mathematical expressions:
Therefore, IS is a dimensionless variable in a linear inverse relationship with MAD. IS is a more intuitive variable relative to MAD and ranges between 0 and 1, representing the lowest and highest degree of impulsivity, respectively ).
Intracranial surgery and microinfusion procedures
Following training in the modified adjusting delay task and performance stabilization, rats were implanted intracerebroventricular (i.c.v.) guide cannulas. Intracranial surgeries were performed as previously described (Cottone et al. 2007a; Sabino et al. 2007 ). Briefly, for cannulation, anaesthetized (isoflurane, 2-3 % in oxygen) subjects were secured in a stereotaxic frame (David Kopf Instruments, Tujunga, CA, USA) and a stainless steel, 24-gauge guide cannula (Plastics One, Inc., Roanoke, VA, USA) was lowered above the third ventricle. Four stainless steel jeweler's screws were fastened to the rat's skull around the cannula. Dental restorative filled resin (Henry Schein, Inc., Melville, NY, USA) and acrylic cement were applied, forming a pedestal which firmly anchored the cannula (Iemolo et al. 2012) . The cannula was placed 1 mm posterior to the bregma, ±1.5 mm lateral to midline, terminating 2.3 mm below the outer surface of the skull with the interaural bar set at flat skull (dorsal/ventral: bregma 0 lamda). Coordinates were based on the atlas of Paxinos and Watson (Paxinos and Watson 1986) . A 31-gauge stainless steel dummy stylet (Plastics One, Inc., Roanoke, VA, USA) maintained patency. After surgery, the rats were returned to their cages for a 1-week recovery period, during which they were handled daily.
Drug treatments
The uncompetitive antagonists ketamine (0, 2.5, 5, 10, 20 mg/kg, intraperitoneal (i.p.); n017) and memantine (0, 1.25, 2.5, 5 and 10 mg/kg, i.p.; n012), and the competitive antagonists D-AP-5 (0, 2.5, 5, 10, 20 mg/kg, subcutaneous (s.c.); n012 for the systemic experiment) and CGS 19755 (0, 2.5, 5, 10, 20 mg/kg, s.c.; n011) were administered 30 min prior to the beginning of the session's first block (immediately prior to the pre-session).
For i.c.v. microinfusions of D-AP-5 (0, 7.5, 15, 30 μg, i.c.v.; n09), the dummy stylet was removed from the guide cannula and was replaced with a 31-gauge stainless steel injector projecting 2.5 mm beyond the tip of the guide cannula which was connected via PE 20 tubing to a Hamilton microsyringe driven by a microinfusion pump (Kd Scientifics/Biological Instruments, Holliston, MA, USA). D-AP-5 was administered 30 min prior to the beginning of the session's first block (immediately prior to the pre-session). Microinjections were performed in 5-μL volume delivered over 1 min; injectors were left in place for an additional minute to minimize backflow. Immediately after, each rat was moved to the test chamber. Cannula placement was functionally verified at the beginning and the conclusion of all testing as a positive dipsogenic response (>5 mL of water intake within 30 min) to i.c.v. angiotensin II (25 ng/5 μL).
All of the treatments were given in full Latin square designs with 1-3 intervening treatment-free test days, in which the MAD returned to baseline. Rats were given 3 days of acclimation to daily sham injections, prior to the beginning of drug treatments.
Statistical analysis
The effects of ketamine, memantine, D-AP-5, and CGS 19755 on MAD, IS, latency, and total responses were analyzed using one-way repeated measures analyses of variance (ANOVAs) with dose as a within-subject factor. Latency to respond was not a normally distributed variable, so the values were ln-transformed for statistical analysis. Pairwise dose effects were interpreted using Fisher's least significant difference (LSD) tests. To determine subpopulations of lowimpulsive and high-impulsive rats, a median split analysis of MADs was performed. For this purpose, in each of the drug treatment studies, subjects were ranked based on their MAD under vehicle conditions, and the median was calculated. All of the subjects with a MAD ≤ median were included in the high-impulsive group while the rest of them were included in the low-impulsive group. The effects of ketamine, memantine, D-AP-5, and CGS 19755 on MAD, IS, latency, and total responses in low-impulsive and high-impulsive rats were analyzed using two-way split-plot ANOVAs with dose as a within-subject factor and impulsivity as a betweensubjects factor. The statistical/graphic software packages used were SigmaPlot 11.0 (Systat Software, Inc., Chicago, IL) and Statistica 7.0 (Statsoft, Inc., Tulsa, OK).
Results
Effects of the uncompetitive NMDA receptor antagonist ketamine on impulsive choice in a modified adjusting delay task Ketamine significantly and dose-dependently affected MAD and IS (dose: F(4,64)06.24, p<0.0005; Fig. 1a, b) . Post hoc analysis revealed that rats treated with the 10-and 20-mg/kg doses showed significantly lower MAD and higher IS compared to those treated with vehicle. The effect on impulsive choice exerted by ketamine was not secondary to motor impairment or to an overall behavioral disruption, since the drug treatment did not affect the latency to respond (dose: F(4,64)00.60, not significant (n.s.); Fig. 1c ) or the number of completed trials (dose: F(4,64) 00.42, n.s.; Table 1 ). Interestingly, median split subgroup analysis (vehicle (veh)/low-impulsive vs. veh/high-impulsive, p0 0.0006) showed that ketamine treatment selectively affected impulsive choice in low-impulsive rats by increasing the choice for the immediate reinforcer without affecting MAD in high-impulsive rats (dose: F(4,60) 07.38, p < 0.001; Dose×Impulsivity: F(4,60)02.98, p<0.05; Fig. 2 ). Ketamine treatment significantly increased impulsive choice in low-impulsive rats, when injected at the 10-and 20-mg/kg doses by~27 % and~51 %, respectively, compared to vehicle condition.
Effects of the uncompetitive NMDA receptor antagonist memantine on impulsive choice in a modified adjusting delay task
The uncompetitive antagonist memantine significantly and dose-dependently affected MAD and IS (dose: F(4,44)016.85 p<0.0001; Fig. 3a, b) . Post hoc analysis revealed that rats treated with the 5-and 10-mg/kg doses showed significantly lower MAD and higher IS compared to the vehicle treated rats. No significant effect of drug treatment was observed on latency (dose: F(4,44)01.76, n.s.; Fig. 3c ) or on number of completed trials (dose: F(4,44) 01.08, n.s.; Table 1) . Conversely to what was observed with the ketamine treatment, median split subgroup analysis (veh/low-impulsive vs. veh/high-impulsive, p00.00008) showed that the effect of memantine treatment on impulsive choice did not differ between low-impulsive and high-impulsive rats (dose: F(4,40) 017.82, p < 0.001; Dose × Impulsivity: F(4,40) 0 1.63, n.s.; Fig. 4) . Indeed, memantine injected at 10 mg/kg dramatically decreased MAD by~71 % and~38 % in lowimpulsive and high-impulsive rats, respectively. However, at the 5-mg/kg dose, memantine reduced MAD by~33 % in low-impulsive rats but not in high-impulsive rats, suggesting that perhaps there is an increased potency of the drug in rats with the tendency to choose the large, delayed reinforcer.
Effects of the competitive NMDA receptor antagonist D-AP-5 on impulsive choice in a modified adjusting delay task Following systemic treatment with the competitive NMDA antagonist D-AP-5, no significant effect was observed in either MAD or IS (dose: F(4,44)01.42, n.s.; Table 2 ). No significant effect of D-AP-5 treatment was observed on latency (dose: F(4,44)00.75, n.s.; Table 2 ) or on number of completed trials (dose: F(4,44)01.10, n.s.; Table 2 ). D-AP-5 treatment did not affect impulsive choice (dose: F (4,40)01.31, n.s.; Dose×Impulsivity: F(4,40)00.20, n.s.; not shown), latency (dose: F(4,40) 01.31, n.s.; Dose × Impulsivity: F(4,40)00.05, n.s.; not shown), or number of completed trials (dose: F(4,40) 01.07, n.s.; Dose × Impulsivity: F(4,40) 00.72, n.s.; not shown) in lowimpulsive and high-impulsive rats (veh/low-impulsive vs. veh/high-impulsive, p00.0008).
When injected intracerebroventricularly, D-AP-5 did not significantly alter any of the modified adjusting delay task variables (MAD or IS, dose: F(3,24)01.25, p00.31; latency, dose: F(3,24)00.79, p00.51; number of completed trials, dose: F(3,24) 00.34, p 00.79; Table 2 ). Under vehicle condition, the MAD of the i.c.v. experiment was lower compared to the MAD of the systemic experiment, possibly due to the more stressful nature of the central injection procedure.
Effects of the competitive NMDA receptor antagonist CGS 19755 on impulsive choice in a modified adjusting delay task
The competitive NMDA antagonist CGS 19755 significantly decreased MAD and increased IS (dose: F(4,40)02.82, p < 0.05; Fig. 5a, b) . Only the highest dose injected (20 mg/kg) increased the choice for the small, immediate reinforcer, when compared to the vehicle condition, as revealed by post hoc analysis. However, CGS 19755 treatment increased latency (dose: F(4,40) 02.88, p < 0.05; Fig. 1 Effects of pretreatment with the uncompetitive NMDA receptor antagonist ketamine (n017, the entire group of rats before being split into low-impulsive and high-impulsive) (i.p., 30 min prior to the beginning of the first block of the session) on a mean adjusted delay (MAD) and b impulsivity score (IS), in male Wistar rats. Panels (a) and (b) show M ± SEM. Panel (c) shows the box and whisker plots of latency where the boundaries indicate the 25th and 75th percentiles, the line within the box marks the median, and the whiskers (error bars) indicate the 90th and 10th percentiles. Symbols denote significant differences from vehicle: *p<0.05; ***p<0.001 (Fisher's LSD test); significant main effect of dose ### p<0.001 Fig. 5c ) and decreased the number of completed trials (dose: F(4,40)03.69, p<0.05; Table 1) at the same dose which significantly increased impulsive choice, suggesting an effect on locomotor activity and an overall decrease of subjects' performance. Median split analysis (veh/lowimpulsive vs. veh/high-impulsive, p00.0002) revealed that CGS 19755 overall decreased MAD in both low-impulsive and high-impulsive rats (dose: F(4,36) 02.80, p < 0.05; Dose×Impulsivity: F(4,36)00.48, n.s.; not shown); furthermore, it confirmed that the effect on impulsive choice was accompanied by an increased latency (dose: F(4,36)02.65, p<0.05; Dose×Impulsivity: F(4,36)00.17, n.s.; not shown) and a decreased number of completed trials (Dose: F(4,36)0 3.27, p<0.05; Dose×Impulsivity: F(4,36)00.17, n.s.; not shown).
Discussion
The major findings of the present study can be summarized as follows: (1) the uncompetitive NMDA receptor antagonists ketamine and memantine increased the choice for a small, immediate reinforcer over a large, delayed reinforcer in a modified adjusting delay task; (2) ketamine selectively precipitated impulsive choice in low-impulsive rats but not in high-impulsive rats; (3) memantine preferentially precipitated impulsive choice in low-impulsive rats; (4) the competitive NMDA receptor antagonists D-AP-5 and CGS 19755 did not affect impulsive choice.
In this study, two uncompetitive NMDA receptor antagonists-ketamine and memantine-precipitated impulsive behavior by increasing the choice for a small, immediate reinforcer over a large, delayed reinforcer. The observed effects were not secondary to motor impairment or a generalized behavioral deficit, as both drugs did not affect the number of completed trials or the latency to respond. In addition, the alternative explanation that the increased preference for the small, immediate reinforcer could be due to intrinsic energy homeostatic or satiety effects of ketamine and memantine (Foltin et al. 2008; Springer and Baker 2007) can be excluded, since the reinforcers used in this modified adjusting delay task were isocaloric . To the best of our knowledge, so far only two studies have evaluated the effects of uncompetitive antagonists of the NMDA receptor on impulsive choice, with conflicting results (Floresco et al. 2008; Oberlin et al. 2010 ). The first study in question, by Floresco and colleagues (Floresco et al. 2008) , demonstrated the ability of ketamine to increase responding for a small, immediate reinforcer when injected at a 5-mg/kg dose. Our results confirm this previous observation and extend it by demonstrating that the precipitating effect on impulsive choice is a common effect exerted by uncompetitive NMDA antagonists. The second study by Oberlin and colleagues (Oberlin et al. 2010) found that memantine injected in mice at the doses of 1 and 5 mg/kg did not affect impulsive choice in a delay discounting task. In contrast to this previously published study, we have shown here that memantine increased impulsive choice when injected at the doses of 5 and 10 mg/kg. An important factor which could explain this discrepancy is the difference in species used (high alcohol preferring mice vs. Wistar rats).
Mice have a higher metabolism in comparison to rats; therefore, the highest dose of memantine tested in the Oberlin study (5 mg/kg) likely resulted in a lower drug bioavailability compared to that of rats in the lowest effective dose in the present study (5 mg/kg). The findings of this study are in agreement with the effects observed following ketamine and memantine on impulsive action. Indeed, both drugs have been shown to exacerbate premature responding in the five-choice serial reaction time task (5-CSRTT) (Nemeth et al. 2010; Oliver et al. 2009; Smith et al. 2011) . The same effects have been demonstrated for other uncompetitive NMDA receptor antagonists such as dizocilpine (MK-801) (Ardayfio et al. 2008; Grottick and Higgins 2000; Paine and Carlezon 2009; Terry et al. 2012 ) and phencyclidine (PCP) (Smith et al. 2011; Thomson et al. 2011) . It is likely that NMDA receptors exert an overall fundamental modulatory function, which seems to be important in all the different dimensions of trait impulsivity.
Interestingly, we have shown here that both ketamine and memantine treatments preferentially increased the intolerance to delay of reinforcement in low-impulsive subjects. Indeed, ketamine increased impulsive responding selectively in low-impulsive subjects, while memantine showed a decreased efficacy in increasing impulsive choice in highimpulsive subjects. A possible explanation for the observed effects can be found in the particular mechanism of action displayed by this class of channel blockers. Since uncompetitive antagonists such as ketamine and memantine can only reach their binding site when the NMDA channel is open, they show a tendency for higher affinity inhibition at higher agonist concentrations (Johnson and Kotermanski   Fig. 3 Effects of pretreatment with the uncompetitive NMDA receptor antagonist memantine (n012, the entire group of rats before being split into low-impulsive and high-impulsive) (i.p., 30 min prior to the beginning of the first block of the session) on a mean adjusted delay (MAD) and b impulsivity score (IS), in male Wistar rats. Panels (a) and (b) show M ± SEM. Panel (c) shows the box and whisker plots of latency where the boundaries indicate the 25th and 75th percentiles, the line within the box marks the median, and the whiskers (error bars) indicate the 90th and 10th percentiles. Symbols denote significant differences from vehicle: **p<0.01; ***p<0.001 (Fisher's LSD test); significant main effect of dose ### p<0.001 Fig. 4 Effects of pretreatment with the uncompetitive NMDA receptor antagonist memantine (n06/group) (i.p., 30 min prior to the beginning of the first block of the session) on mean adjusted delay (MAD), in low-impulsive and high-impulsive male Wistar rats. Panels show M ± SEM. Symbols denote significant differences from vehicle: **p<0.01; ***p<0.001 (Fisher's LSD test); significant main effect of dose # p<0.05; ### p<0.001
2006). Therefore, the preferential efficacy of these drugs for low-impulsive subjects suggests that higher intolerance to delay of reinforcement may be associated with decreased glutamate/NMDA function. In support of this hypothesis, decreased glutamate/NMDA activity has been proposed to be an important factor driving impulsive behavior, and it has also been associated with disorders characterized by heightened impulsive behavior such as attention deficit/ hyperactivity disorder (Adams et al. 2004; Carlsson 2001; Turic et al. 2004) , as well as schizophrenia (Amitai and Markou 2010; Robbins and Murphy 2006) . The difference between the effects of ketamine and memantine on impulsive choice in low-impulsive and highimpulsive subjects is an interesting point of discussion. Ketamine and memantine share many different pharmacological properties: following the activation of the NMDA receptors, both drugs bind the internal portion of the pore and can remain trapped inside the channel following its closure; in addition, at higher agonist concentrations the two drugs inhibit with faster kinetics, and both also show similar specificity for the NMDA receptor subtypes (Johnson and Kotermanski 2006; Traynelis et al. 2010 ). However, a relevant point of difference between these two drugs' action mechanisms, which may be useful in explaining the findings of this study, is that memantine has been proposed to bind the receptor not only inside the channel, as ketamine does, but also superficially near the extracellular end of the pore in GluN1/GluN2A. Binding to this additional shallow site can lead to the opening of the receptor even in the absence of an agonist, exposure of the deep binding site, and thus resulting in important consequences on the inhibitory action of memantine (Blanpied et al. 1997; Johnson and Kotermanski 2006; Sobolevsky et al. 1998; Traynelis et al. 2010) . Therefore, even in a condition of decreased glutamate/NMDA activity, we hypothesized that for the high-impulsive subjects, memantine would still be able to exert a blocking action of the channel, therefore, exacerbating impulsive choice.
We have also shown that the two competitive NMDA receptor antagonists D-AP-5 and CGS 19755 exerted no effect on impulsive choice. Systemic D-AP-5 treatment did not significantly affect any of the variables measured in the modified adjusting delay task. In addition, given the low blood brain barrier penetrability of D-AP-5 and to rule out that the doses used for the systemic administration were not sufficiently high, the drug was also administered intracerebroventricularly at a dose as high as 30 μg/rat. This dose has been demonstrated to be effective on a number of different measures in several studies (Heale and Harley 1990; Koek et al. 1987; Leung and Shen 1999; Paoli et al. 1990; Takashima et al. 1990) . Confirming the results obtained with the systemic treatment, centrally-administered D-AP-5 did not alter any of the variables of the modified adjusting delay task. An alternative interpretation of the lack of effect in impulsive choice following i.c.v. administration of AP-5 is that the drug injected through this route of administration does not effectively reach the target areas. Moreover, CGS 19755 treatment increased the choice for the small, immediate reinforcer when injected at 20 mg/kg, a sufficiently high dose, which has been validated to be effective in several studies (Bennett et al. 1989; Berz et al. 1992; Bespalov and Zvartau 1997) . However, the same dose of CGS 19755 was also responsible for the disruption of overall behavioral performance, demonstrated by the increase of the latency to respond and the number of completed trials. Therefore, CGS 19755 treatment suppressed instrumental responding, and none of the doses tested was able to selectively influence impulsive choice without a marked response inhibition. However, the possibility that the effects observed in the latency and in the number of completed trials may be dissociable from the effect observed in impulsive choice following CGS 19755 treatment cannot be ruled out; therefore, in such a case, the drug would increase impulsive choice. As such, although the two competitive antagonists tested in this study did not affect impulsive choice, our data may not necessarily be representative of the entire class, and it would be helpful to assess the effects of other competitive NMDA receptor antagonists in future studies for the purpose of generalizing the concept. While a broad range of literature has described the effects of competitive NMDA receptor antagonists on impulsive action, it is to our understanding that this is the first study investigating the effects of competitive NMDA receptor antagonists on impulsive choice. Indeed, microinfusion of the competitive NMDA receptor antagonist 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) into fronto-cortical brain regions has been shown to reduce accuracy, as well as to increase omission errors and perseverative responding in rats performing the 5-CSRTT (Baviera et al. 2008; Mirjana et al. 2004; Murphy et al. 2005; Murphy et al. 2012) . However, when CPP was administered systemically, the drug was able to dose-dependently weaken the attentional effect of nicotine, but it lacked any intrinsic effect in the 5-CSRTT, likely suggesting that an increased local drug concentration is required to observe an intrinsic effect on impulsive responding in a reaction time paradigm (Quarta et al. 2007 ). Moreover, Smith and colleagues have recently shown that in all tested doses, the competitive NMDA receptor antagonist SDZ 220,581 suppressed instrumental responding in the 5-CSRTT, but it was not capable of selectively influencing task accuracy without the accompaniment of a marked response inhibition (Smith et al. 2011) . Therefore, the results obtained in the present study with the two competitive NMDA receptor antagonists on impulsive choice are not in conflict with existing findings of the same class antagonists on impulsive action.
In summary, we here demonstrate that the effects of NMDA receptor blockade on impulsive choice are not generalizable and depend on the specific mechanism of action of the antagonist used. Specifically, of the two classes of NMDA receptor antagonists studied here, uncompetitive but not competitive antagonists were able to increase impulsive responding for the small, immediate reinforcer. Moreover, ketamine selectively increased impulsive behavior in lowimpulsive but not in high-impulsive subjects. Memantine, on the other hand, increased impulsive choice in both groups, but it was still more efficacious in low-impulsive subjects, an effect that might be explained by the peculiar pharmacological property of the ability to bind to a shallow site of the NMDA ion channel even in the absence of an agonist. The preferential effect of NMDA receptor antagonists in low-impulsive subjects observed in this study is hypothesized to depend on a preexisting decrease in glutamatergic activity of subjects intolerant to delay of reinforcement.
